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Rotational spectrum of cis—cis HOONO
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The pure rotational spectrum ois—cis peroxynitrous acid, HOONO, has been observed. Over 220
transitions, sampling states up 36=67 andK /=31, have been fitted with an rms uncertainty of
48.4 kHz. The experimentally determined rotational constants agree welbtyithitio values for

the cis—cis conformer, a five-membered ring formed by intramolecular hydrogen bonding. The
small, positive inertial defecth =0.075667(60) amuA and lack of any observable torsional
splittings in the spectrum indicate theis—cis HOONO exists in a well-defined planar structure at
room temperature. @004 American Institute of Physic§DOI: 10.1063/1.1687311

The radical-radical association reaction tone photodissociation spectrum in the-2region (6000—
7200 cm ) with ~2 cm ! resolution!* They observed a rich
OH+NO,+M—HONG,+M vibrational structure with at least seven overlapping HOONO

terminates several key Hand NQ catalytic free-radical bands. These features were tentatively assigned to both the
chain reactions in the lower atmosphere and sequesters tgi—Cis andtrans—perp conformers; however, a reanalysis of
reactants into the reservoir species nitric acid, HQNDhe  this spectral assignment indicates that otily-cis HOONO
rate of this reaction directly affects ozone concentrations iS present at room temperature, while significant concentra-
the stratosphere and photochemical smog production in théons oftrans-perpHOONO are observed only below 240 K
troposphere. Thus, detailed knowledge of the OO, under moderate flow rates due to rapid isomerizattoA.
+M mechanism and rate under all atmospherically relevanfumber of additional features in this spectrum are assigned
conditions is critical for accurate modeling of atmosphericto combinations of 2; with the v4 torsional mode, indicat-
photochemistry. An intensive investigation of discrepanciesng a large degree of structural floppiness in HOONO.
between low- and high-pressure values of the rate led several This work was followed in rapid succession by detection
groups to propose that a secondary channel of the cis—cis v, fundamental by Beart al. using cavity
ringdown spectroscop§ and a high-resolution study of the
trans—perp 2v; band in a supersonically cooled molecular
competes with the primary reaction channel at higher totaP€am by Pollacket al’ Rotational contour simulations in
pressured:” Despite the kinetics evidence, detection of gas_both studies yielded rotational constants consistent wafth
phase HOONO eluded several concentrated detectioffitio values. The resolution of individual rotational transi-
effort€*5 and its production as a stable species in the OHIONs was not possible due to laser bandwidth limitations in
+NO,+M reaction remained controversial until very re- the study of Bearetal. and because of dissociative line
cently. broadening in the case of the work of Pollagkal.

Peroxynitrous acid, HOONO, has |ong been known as a Ab |n|t|0 Ca|Cu|ati0nS haVe helped guide mUCh Of the
short-lived intermediate in aqueous solutions, although it$pectral characterization of HOONO. McGraghal. found
spectroscopic characterization in solution has been limited t§table structures associated with ttis—cis, cis—perp, and
a broad UV absorption featufe!® In the early 1990s Lee trans—perp conformers at the HF/6-3Gand MP2/6-31G
and co-workers identified HOONO infrared spectra afterlevels of theor;}.gThe vibrational frequencies and intensities
photodissociating HONQ in cryogenic Ar and N calculated in this study enabled Lee and co-workersto
matrices' "3 The vibrational frequencies, H/D arfdN/*°N  distinguish between thans-perp and cis—cis conformers
isotopic shifts, and band intensities recorded in these studigd their matrix IR spectra. McGrath and Rowland subse-
provided the information to distinguishans-perpandcis—  quently used G2, G#MP2), QCISD(T)/6-311G(d,p), and
cis HOONO conformers. The dynamics of @HNO, recom-  MP2 calculations with basis sets up to 6-31&(3df,2p to
bination in the matrix sites favored the productionti@ins—  improve characterization of the relative energetics of the
perp HOONO; cis—cis HOONO was observed only after three stable conformel€ Beanet al.found that thecis—perp
HONO, photodissociation at 193 nii. conformer was not a true stationary point at the QQIBD

In 2002 Nizkorodov and Wennberg reported the detecec-pVTZ or CCSOT)/cc-pVTZ levels of theory® Bean
tion of gas-phase HOONO by recording the vibrational over-et al. also reported rotational constants and vibrational fre-

OH+NO,+M—HOONO+ M
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guencies forcis—cis and trans—perp HOONO for QCISD b
and CCSDT) calculations. At the CCSO)/cc-pVTZ level
of theory, thecis—cis conformer was found to be 3.4 kcal/
mol more stable than th&ans—perp conformer(including
zero-point correction (Ref. 16 with a best estimate of
Do(HO-ONO)s_cis=18.3 kcal/mol at the CCSD)/CBS
level of theory?®
There now exists an abundance of convincing spectro-
scopic evidence supporting a significant HOONO channel in
the gas-phase reaction of GHNO,.**~1"However, the lack
of rotationally resolved spectra in any of these studies has
hampered efforts to provide an unambiguous assignment of
the observed spectral features or to quantify the relative
yields of cis—cis and trans—perp HOONO produced under
different experimental conditions. Our past success in pro'-:'G- 1. qis—cis HOONO depicted in its principal axis systgm. Tbexis is
ducing, detecting, and analyzing the pure rotational spectr %rgendlculia\r to the mol_ecular plane. The structure is taken from the
DO(T)/cc-pVTZ calculations of Beant al. (Ref. 16.
of free radicals and reactive intermediates with the JPL sub-
millimeter spectrometét~2°prompted us to initiate a search
for HOONO. Submillimeter spectroscopy provides several
advantages over the techniques that have previously been
used to characterize HOONO: excellent detection sensitivity,g
superb spectral resolution, and unequivocal molecular speci &
ficity for assigned transitions. Additionally, molecular con-
centrations can be accurately measured from the intensitie_e'
of pure rotational transitions once the molecular dipole mo- <
ment is known. Here we report an analysis of this—cis =
HOONO submillimeter spectrum. =)
The JPL submillimeter spectrometer has been describe 2P
in detail previously® Spectra were recorded by flowing the
vapors from a 70% hydrogen peroxide soluti@MC Cor-
poration over a sample of solid NOBFAIdrich) placed in
a shallow Pyrex boat in the bottom of the absorption cell.”
The hydrogen peroxide flow rate was adjusted to maximizer—
the cis—cis HOONO signal. Typical cell pressures were
15—-20 mtorr. Small amounts of nitric acid (HOMNO(Ref.
27), peroxynitric acid (HOONQ) (Ref. 27, and hydroxy-
fluoroborane (BFOH) (Ref. 28 were observed as side prod-
ucts. The chemistry used in this study has the advantage 0,20
selectively generatingis—cis HOONO without large inter- : s
ferences from HON®. 410600 410700 410800 410900 411000
All spectral fitting and simulations were performed using
Pickett'sSPFIT program suité® An illustration of thecis—cis
HOONO molecular structure in its principal axis system is
given in Fig. 1. Simulations of theis—cis HOONO rota-
tional spectrum, based ab initio rotational constants and
dipole moments? predicted the presence of characteristic |
asymmetry doublets of both- and b-type transitions(i.e., l“‘“ $ “l- —“ b ﬁ 1

A

v
o

/

399100 399200 399300 399400 399500

ts

3434 3332 | 3230 | 3128 |

ni
=
5

nal/Arb.
1

S

T T T T

£3655 35, 34y 334 J
S | #ﬂ Ke

quartet$ for low-K, R-type transitions near 400 GHz. Sur-
vey scans in the 399-454 GHz region revealed quartet pat . . . .
terns consistent with theis—cis HOONO simulations. The 433700 433800 433900 434000 434100
compact origins of several patterns are shown in Fig. 2.

Termed ‘R bunches,” these patterns occur for oblate limit Frequency/ MHz

transitions at, In,tervals_ of @ (~11.5 GH3 Wlth J+Kaq FIG. 2. Submillimeter spectra afis—cis HOONO R-bunch origins in the
=const. The m't!al assignments fét punCheS WithKa<<5 400 GHz region displaying the characteristic pattern used to make the initial
were used to refine the spectroscopic parameters and genétentification. The separation of the first resolved quartet from the first tran-
ate new predictions. New transitions were assigned and thié_tig'? of each seduence a?g the Sp'itti”% Wit?i” t_':e q;{af“f_:hl?mh dECfease
fitting process iteratively repeated. Additional spectra wer«%”' Increasing frequency. Ihe approximate intensity ratio within each quar-
. et reflects the relative magnitudesf“: 1, 1, np°. The unmarked fea-
recorded in the 179-183, 269-284, and 627-640 GHz '&ures in these spectra are due to HONGHOONG;, or other cis—cis

gions to extend thd andK, range of transitions in the data HOONO transitions.

Signal/Arb. Units
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TABLE |I. Fitted cis—cisHOONO Hamiltonian parametefs.

Spectrum of cis—cis HONO 5507

spectrum of the vibrational ground state further suggests that
intramolecular hydrogen bonding prevents any significant

Parameter Units Value ) .
large-amplitude motion.

(B+C)/2 MHz 6869.5278632) Our findings of well-defined planarity incis—cis
?B_—(E;L/f)/ 2 m:; égg?’;ég%%? HOONO contrast with the significant levels of torsional ex-
—A, KHz —8.0534026) citation that Nizkorodov and Wennberg observed in the 2
— A kHz 16.033511) region and their conclusion that HOONO exhibits a large
—Ay kHz —59.985446) degree of structural floppine$$The most likely reasons for
? t:; :i;g;g;g this discrepancy lie in the experimental measurements: the
(DKJ mHz _15:00568) submillimeter spectrum detects molecules near the minimum
® 0 mHz 184.5853) of the potential energy surface while the Nizkorodov—
Dk mHz —-883.121) Wennberg experiment detects exclusively molecules that
Dy Hz 1.099656) have undergone vibrational photodissociation. HOONO mol-
in mgi :g?ﬁ?g ecules with internal energies above the HO—ONO dissocia-
bx mHz 388.746) tion threshold might be expected to display significant tor-
o /No. lines kHz 48.4/225 sional excitation as they dissociate. Torsional excitation may

even enhance the dissociation rate negfHO—ONO) and
thermal excitation of torsional vibrations can promote
dissociation for molecules nominally excited below
Do(HO-ONO). The variation of the rigidity of the planar
structure as a function of vibrational-mode excitation and
set. The final data set included 225 transitions Samp”ngota| internal energy as well as how the deviation from p|a_

states with] up to 67 andK, up to 31. The least-squares fit narity affects the near-threshold dissociation dynamics are
yielded an rms uncertainty of 48.4 kHz and accurately pregjearly areas for further investigation.

dicted all ground-stateis—cis HOONO features with suffi- The intensities of the various observed rotational transi-

cient intensity to be identifiable in the spectra recorded.  tions can be used to estimate the relative values ofithe
Measured and calculated frequencies and quantum numy,q wp, dipole moment components. THg.= 30,7, 3Ly

ber assignments can be found in the JPL millimeter "?”%nd 33, quartets shown in Fig. 2 are especially useful for

submillimeter spectral line ~catalog online at http:/ yhis since the two central components in each quartet are

spec.jpl.nasa.gov/catalog. Rotational constants and distortio&ltype transitions while the highest- and lowest-frequency

constants up to sixth order were determined using the Watsoi nsitions in each quartet atetype transitions. After re-

A reduction. The parameters determined in the least-squares,al of theJ- and K-dependent matrix elements, the rela-

fit are given in Table 1. L " 2 .
. . tive intensities of the quartets suggest t]aéma~3. Simu-
The A, B, and C rotational constants were determined lations using,=0.66 D andu,=1.14 D produced good

from the fitted Hamiltonian parameters. These values ar%greement with comparabteis—cis HOONO transition in-
given in Table Il along with the rotational constants deter-tensities

mined from the optimized CCSD)/cc-pVTZ structure re- Experiments to measure selected lowdransitions at

16 : : — _ —
F)Sog%d? gyaliea;é,e tczhs';gitmematlhiefsﬁglI_Icocs't'l ag 'r:g?t'al millimeter wavelengths to determine,, u,, and u; are
IS %, u ! Wi » positive inertial -, e way. Once experimental values fof, wy, and

SSEC;SS ;E?;nhzxg berfgﬁgo_lk_);iesr\és%;ﬂ;::igiratrénsgthmplecuIel‘?ave been determined, millimeter and submillimeter spec-
Py : troscopy will provide an excellent method for accurately

c1s HOONO is a planar moleculg W'Fh small out O.f plane quantifying cis—cis HOONO number densities. This will en-
deformations caused by zero-point vibrational motion. The . . . .

. " . S able us to quantify the OHNO,— cis—cis HOONO yields
lack of any observed torsional splittings in the submillimeter

under atmospherically relevant conditions. A combined sub-
millimeter and infrared experiment could also be used to
quantify the band strengths of the infrared transitit:’

TABLE Il. cis—cis HOONO rotational constants, moments of inertia, and
inertial defecf

3/alues in parentheses represent Uncertainties in units of the least sig-
nificant figure.
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